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Abstract 
The Accelerator Mass Spectrometry (AMS) program at the Nuclear Science Laboratory of the University of Notre Dame is 
focused on measurements related to galactic radioactivity and to nucleosynthesis of main stellar burning as well as the production 
of so called Short-Lived Radionuclides (SLRs) in the Early Solar System (ESS). The research program is based around the 
11MV FN tandem accelerator and the use of the gas-filled magnet technique for isobar separation. Using a technique that 
evolved from radiocarbon dating, this paper presents a number of research programs that rely on the use of an 11MV tandem 
accelerator at the center of the AMS program. 
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1. Introduction 
One very powerful tool in science is the use of radioisotopes produced either on Earth or our surrounding universe. 
Terrestrial radionuclides can be produced naturally through the interaction of cosmic radiation with the atmosphere 
(e.g. 14C, 39Ar, 10Be, 81Kr) or as decay products of the primordial radionuclides (e.g. 210Pb from 238U). In certain 
cases, a number of well characterized anthropogenic (i.e. man-made) tracers are also useful (e.g. 129I, 85Kr, 3H) to 
study processes like nuclear waste infiltration, transport of anthropogenic radionuclides in the atmosphere and  
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lithosphere as well as recent infiltration events. In the Universe all nuclides are produced either through the various 
stellar nucleosynthesis processes or through the interaction of cosmic rays with matter such as meteorites and decay 
of primordeal radionuclides. Many of these radionuclides are only present at very low levels in a given environment, 
and consequently require high sensitivity in order to be detected. To measure the concentration of a specific 
radionuclide in a given sample, there are two basic techniques that are available: decay and direct counting. 
 
Accelerator Mass Spectrometry (AMS) is a direct ion counting technique that finds applications in the diverse fields 
of archaeology, geoscience, medical research and nuclear physics and nuclear astrophysics. Rather than “wait” for 
the decay signal of the isotope of interest (decay counting) in the sample it actually relies on the counting the isotope 
and determining its concentration directly in the sample. This not only gives one independence from the half-life of 
the isotope but also allows measurements in small amounts of sample material as for each decay there are orders of 
magnitude more of that radioisotope in the sample. AMS relies on the mass (A) and nuclear charge (Z) identification 
of the ion of interest and the discrimination of any isobaric interference that would swamp any observable signal. 
 
AMS using a cyclotron was first “accidentally” used by Alvarez et al. (1939) to demonstrate the stability of 3He. It 
was however only in 1977 that the use of an accelerator for the measurement of trace amounts of radionuclides was 
suggested as a viable highly sensitive detection technique. Initially suggested to measure trace amounts of 14C in a 
sample for radiocarbon dating this technique has grown from applications in archaeometry and environmental 
science to nuclear physics and astrophysics. Many new areas of applications are being added to this exciting 
detection technique. A comprehensive overview of nuclides and applications is given in a recent overview by 
Kutschera (2013). 
 
2. Principles of AMS 
The high sensitivity that makes AMS such a powerful tool in the measurement of extremely low isotopic 
compositions of sub milligram samples, relies on the combination of high isotopic selectivity (provided by a 
combination of low energy injection and high energy analysis), followed by high isobaric separation and 
suppression of the interfering isotope (see Figure 1). However, instead of distinguishing the ions by their mass only, 
the AMS method generally measures both the mass and the nuclear charge for individually counted ions. To achieve 
this, the ions must be accelerated to several MeV per nucleon. It should be mentioned that recent developments in 
so-called “small” AMS systems (Micadas, single-stage NEC, etc…) provide sufficient isobaric separation to allow 
the measurement of certain low mass radionuclides like 10B, 10Be, 14C. After acceleration and pre-selection, the high 
energy particles enter a detection system. An important aspect is that these detectors, commonly used in nuclear 
physics experiments, can identify ions otherwise indistinguishable by measuring properties that depend on nuclear 
charge rather than ionic charge. In particular the range, energy, time-of-flight and stopping power in matter are 
utilized. In certain cases isobar specific separation techniques, like the gas-filled magnet technique presented by 
Paul et al. (1988), provide an additional level of background suppression. In most cases AMS measurements of 
heavy (A>36) long-lived radioisotopes need additional efforts, compared to lighter ions, to reduce the interfering 
stable background. Rejection by particle identification based on multiple successive energy loss selections also 
becomes less effective at higher masses. To overcome this, multiple approaches are used. These include both clean 
sample and clean ion source preparation, use of higher beam energies, optimized beam-line systems with high mass-
resolution and in our case, the use of the gas-filled-magnet isobar separation technique followed by a particle 
identification system optimized for each isotope of interest. 
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Figure 1: general principle of AMS. (a) Ionization of the sample in an ion source. (b) Initial low energy M/Q or E/Q selection using a bending 
magnet and/or electrostatic analyzer. (c) Acceleration using a standard accelerator. Most common are: tandem, cyclotron or linac (a variety of 
tandem and single stage compact AMS machines are commercially-available for AMS research or rapid sample processing, as described later). 
(d) Further high-energy M/Q, E/Q selection using possible combinations of the following elements: magnets, Wien filters, electrostatic analyzer. 
(e) Particle identification of the radioisotope of interest using a solid-state or gas-filled detector. 
 
Though there are many variations on the specific setup of an AMS system depending both on availability of 
accelerator, scientific program of the laboratory etc., a majority of laboratories relied on tandem electrostatic 
accelerators for their program. 
 
3. The Large AMS facilities – Their “Raison d’être” 
Recently there has been a push to reduce the size of AMS facilities and push for setups that require lower terminal 
voltages, and as a consequence smaller ‘system footprints”. These setups in no way sacrifice the selectivity of the 
radionuclide of interest but are more often than not limited in the number of isotopes they can measure. These 
developments have relied on the optimization of a number of systems, in particular the stripping in the terminal 
responsible for the dissociation of molecular interference as well as optimized beam optics systems. An excellent 
detailed review of the evolution of AMS systems is given by Synal (2013).  
 
Worldwide there are a few facilities with either a dedicated or “part-time” AMS program that rely on larger 
accelerators than the previously mentioned <5MV tandem accelerator. The dedicated AMS facilities are the Zuerich 
ETH 6MV machine and the Purdue PRIMELAB, FN Tandem. The facilities with a wide ranging scientific scope of 
activities, including AMS, are the Munich 14MV tandem, the Australian National University (ANU) 14MV tandem, 
the Australian Nuclear Science and Technology organization (ANSTO) 10MV tandem, the Cologne 11MV tandem, 
the Notre Dame Nuclear Science Laboratory (NSL) 11MV tandem, and the Livermore (CAMS) 10MV tandem. On 
the large scale facility front there is only the ATLAS linac facility at Argonne National Laboratory (ANL) that 
maintains an ongoing AMS program though the National Superconducting Cyclotron Facility at Michigan State 
University (MSU) did, for a time, have an AMS program for noble gasses. Sadly a number of facilities like Oak 
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Ridge and the Weizmann Institute have stopped their tandem activities halting their respective AMS programs. 
 
The facilities with a wide range of activities provide the flexibility to not only have an AMS program with 
applications that range from basic nuclear physics to environmental science and archaeometry but also can provide 
accelerator beam-time for the development of new detection techniques and new isotopes. This is important 
especially in the heavier mass ranges, where often higher energies are a pre-requisite. This flexibility is not always 
available at dedicated AMS facilities where the major amount of beam-time is dedicated to the measurement of 
actual samples. That being said, exciting new developments have come forth from all the AMS facilities as they 
push the boundaries of isotope sensitivity, new detection levels and techniques. 
 
The one big advantage that larger accelerator provide is the availability of using the Gas-Filled Magnet (GFM) 
technique (see Figure 2) which has been shown to be essential in the detection of such radioisotopes as 53Mn, 60Fe, 
93Zr. This separation technique relies on the separation of isobaric species due to the fact that each species reaches a 
different, Z-dependant, mean charge state ( as they travel through a low pressure gas. This results in different 
trajectories in a magnetic field and a spatial separation both in and after the magnet. The technique is described in 
details in a number of papers like Paul et al. (1988) and Robertson et al. (2008) 
 
 
 
Figure 2: Principle of the gas-filled separation technique. The first case shows the beam being bent in a conventional magnet. The second case 
shows the same beam passing a thin foil in front of the magnet box while the third case shows the gas-filled situation. Traditionally 1-3 Torr of 
gas is used. 
 
4. AMS facility and program at Notre Dame 
The current main scientific focus of ND’s AMS program is to provide an additional technique, unique in North 
America in this accelerator configuration, to the nuclear astrophysics research efforts at the NSL. It combines the 
high sensitivity provided by the gas-filled magnet AMS analysis technique, with the energies and beams made 
available by the FN accelerator, as well as the accessibility to experimental beam time. This supports a wide ranging 
experimental portfolio essential to the successful study of stellar reaction processes that drive and characterize the 
different phases of stellar evolution (e.g. 44Ti, 60Fe). In addition to this, it provides the necessary tools  for the better 
understanding of radioactivities in the early solar system (e.g. 36Cl, 53Mn, 60Fe, and 93Zr), so-called Short-lived 
Radionuclides (SLRs), as well as giving us the ability to detect probes linked to planetary formation and 
differentiation (e.g. 53Mn, 146Sm). By providing a highly sensitive detection method for radioactive probes AMS 
adds a dimension essential to the development of a comprehensive program geared towards understanding the 
universe surrounding us. 
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Figure 3: General layout of the Nuclear Science Laboratory at the University of Notre Dame. The AMS system relies on the FN accelerator of the 
laboratory using the 40 cathode SNICS ion source from NEC. Particle detection is done using the modified Browne-Buechner spectrograph, see 
Robertson et al. 2008. 
 
Currently, all beams necessary to the NSL experimental program, with the exception of helium, are provided by the 
40 cathode MC-SNICS ion source located prior to a 45º bending magnet (See Figure 3).  The low energy injection 
beam line was initially designed for use with low mass beams for nuclear physics experiments with limited mass 
selectivity, but has nevertheless allowed the current development of our AMS program. On the high energy side, 
beam analysis for AMS is provided by a combination of a 90º double focusing dipole magnet, a switching magnet 
followed by a Wien filter and the Browne-Buechner spectrograph operating mostly in the gas-filled mode (see 
Figure 2 and previous section as well as Robertson et al. (2008). In particular, the incorporation of a Wien Filter in 
combination with the upgrade of the ND Browne-Buechner spectrograph to run both in the isobar separating gas-
filled mode as well as in the traditional non gas-filled mode have provided the necessary selectivity for the 
measurement of specific isotopes and concentrations not routinely achievable by other US facilities (e.g. 60Fe, 44Ti, 
93Zr). A number of recent AMS projects at Notre Dame are detailed in the sections below. 
 
4.1. 44Ti production in explosive stellar environments 
One isotope, 44Ti, offers a unique synergy between observational, theoretical and experimental nuclear astrophysics 
associated with explosive silicon burning. It is typically assumed to be mainly produced by the alpha capture 
reaction 40Ca(α,γ)44Ti, in the alpha-rich freeze-out phase of an expanding supernova shock front. A combination of 
previous and more recent investigations Nassar et al. (2005), Vockenhuber et al. (2007), Hoffman et al. 2010 and 
Schmidt et al. (2013) with the concurrent measurements of this reaction at the NSL via AMS and in Germany via 
direct γ-counting have placed very precise restrictions on the reaction rate in the burning window of astrophysical 
interest and were published in by Robertson et al. (2012). The AMS measurement performed at the NSL relied on a 
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3-step technique and are in the process of being published.  
 
a) Implantation: An intense 40Ca beam was developed and used to bombard a Helium gas target containing a 
copper catcher plate to collect the produced 44Ti ions (see Figure 4). 
b)  Chemical separation: In this step the catcher is dissolved with additional stable Ti carrier and the carrier 
and 44Ti is then chemically separated out using ion exchange columns. The material is then pressed into 
cathode holders for the SNICS source. 
c) AMS: The gas-filled magnet technique is used to separate the 44Ti from the 44Ca isobar in the AMS 
measurement of the produced 44Ti concentration determination. The production cross section is then 
extracted from these measurements. 
This same 3-step technique was used in the 36Cl measurement detailed below (section 4.5.). 
 
 Figure 4: Electrically isolated gas cell used for the implantation runs. The 44Ti ions are implanted in the Cu catcher. 
 
4.2. Half-life of 60Fe 
 
60Fe is predominantly produced in the galaxy by type II supernovae with only minimal amounts having been 
reported in meteorites due to spallation reactions with cosmic rays and plays an important role in three areas of 
astrophysical investigation, see Rugel et al. (2009): (a) Nucleosynthesis in the galaxy as observed through gamma 
rays. (b) Deposits of supernova ejecta on Earth as observed in ocean-crust material. (c) History of the early solar 
system as observed through meteoritic inclusions. AMS detection of 60Fe is based on the gas-filled technique to 
separate the 60Fe-60Ni isobars, and provides a unique tool to detect 60Fe at low concentrations. The NSL’s present 
60Fe/Fe sensitivity of ~5x10-13 has allowed important 60Fe concentration measurements at Notre Dame in order to re-
determine its astrophysically important half-life which, is currently open for debate as a recent half-life value of 
t1/2=(2.62±0.05)x106y has been reported by Rugel et al. 2009. These AMS measurements are part of a collaboration 
between the Australian National University, the University of Vienna and the NSL AMS group. An additionally 
obtained 60Fe sample from Vienna for a direct decay activity measurement will complement measurements of the 
60Fe material produced at the NSCL cyclotron facility at MSU.  
 
4.3. An AMS detection technique for 93Zr 
AMS detection of the rare isotope 93Zr (t1/2 = 1.6 Ma) has application potential in two fields of research: the 
improved astrophysical modeling of nucleosynthesis processes through an independent determination of the 
92Zr(n,J)93Zr cross section at stellar energies, currently only measurable using the TOF technique as presented by 
Tagliente et al. (2010), and using this radionuclide as a tracer in hydrological and radioactive waste studies, see 
Oliveira et al. (2011). The biggest challenge in measuring 93Zr at natural concentrations is adequate separation from 
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its stable isobar 93Nb. An AMS detection method for this nuclide is currently being developed at ND in 
collaboration with M. Paul from the Hebrew University in Jerusalem, see Lu et al. (2013). A combination of 
chemical reduction of 93Nb the interfering isobar with the gas-filled magnet technique and a newly developed Bragg 
peak detector, show the promise to allow the detection of 93Zr in the ~10-8 isotopic ratio range.  
 
4.4. Ongoing AMS program at ATLAS 
The ND AMS group has also been a lead collaborator on a number of AMS developments and measurement projects 
at Argonne National Laboratory. These measurements requiring higher energies than available from the ND tandem 
are performed using the ATLAS accelerator in combination with the Enge Spectrograph running in gas-filled mode. 
Recently a campaign to develop a 146Sm AMS detection technique resulted in the determination of a new half-life 
value for this radionuclide published by Kinoshita et al. (2012). This has important consequences as this 
radionuclide is intensely used to date meteoritic and planetary differentiation processes, see Kinoshita et al. (2013). 
Also ongoing is the measurement of “Actinide Neutronic TRansmutation through AMS” (MANTRA) project, see 
Pardo et al. (2013). This project will measure neutron capture cross sections of a number of actinides in a reactor 
environment by AMS at ATLAS. It is part of a larger collaboration with Idaho National Laboratory (INL) and Idaho 
State University (ISU) to evaluate advanced nuclear fuel cycles to assess their potential to cope with requirements of 
radioactive waste minimization, optimization of resource utilization, and reduced risk of proliferation.  
 
4.5. Production of Short-lived radionuclides in the Early Solar System 
Radionuclides with lifetimes τ < 100 My are often referred to as Short-Lived Radionuclides (SLRs) known to have 
been extant when the Solar System formed 4.568 Gy ago (e.g., 146Sm, 129I, 60Fe, 53Mn, 41Ca, and 36Cl). Identifying 
the origins of SLRs can provide insight into the origins of our solar system and the processes that shaped it. The now 
extinct 36Cl in the early solar system is thought to have been produced by local particle irradiation. However, the 
models that attempt to recreate the production of 36Cl in the early solar system lack experimental data for the nuclear 
reactions considered. In particular, data for the 33S(α,p)36Cl reaction, which is an important reaction in the 
production of 36Cl, could help reduce the uncertainties in the models and better constrain the environment where the 
SLRs where produced. A recent AMS project to measure the reaction cross sections for the 33S(α,p)36Cl has been 
performed and published  by Bowers et al. (2013a). This measurement relied on the same 3-step approach used for 
the 44Ti measurement detailed above. 
 
 
 
Figure 5: Comparison of the measured cross section using AMS and theoretical cross sections used in various ESS irradiation models (Figure 8 in 
by M. Bowers et al. C (2013b)).  
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Contrary to the “traditionally” expected energy dependence of the cross-section, the Hauser-Feshbach based 
theoretical calculations underestimated the measured values (see Figure 5). This behaviour is supported by a number 
of recent other measurements, see Deibel et al. (2011) and Almaraz-Calderon et al. (2014). This has resulted in an 
ongoing re-evaluation of currently used models, see Mohr (2014). 
 
A more detailed paper on these discrepancies between Hauser-Feshbach and experimentally determined cross-
sections is in preparation and has prompted a renewed experimental campaign as it is clear that additional 
experimental data is needed. 
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